This paper presents inventory models for fresh agriculture products with time-varying deterioration rate. Due to the particularity of fresh agriculture products, the demand rate is a function that depends on sale price and freshness. The deterioration rate increases with time and is assumed to be a time-varying function. In the models, the inventory cycle may be constant or variable. The optimal solutions of models are discussed for different freshness and the deterioration rate. The results of experiments show that the profit depends on the freshness and deterioration rate of products. With the increasing inventory cycle, the sale price and profit increase at first and then start decreasing. Furthermore, when the inventory cycle is variable, the total profit is a binary function of the sale price and inventory cycle. There exist unique sale price and inventory cycle such that the profit is optimal. The results also show that the optimal sale price and inventory cycle depend on the freshness and the deterioration rate of fresh agriculture products.
INTRODUCTION
Fresh agriculture products such as vegetables, fruits, and living animals are perishable goods. The study of inventory systems for fresh agriculture products can learn from perishable goods inventory. In recent years, many researchers have studied the deteriorating items inventory model. Ghare and Schrader (1963) established the classical no-shortage inventory model with the constant rate of decay at first. Resh et al. (1976) and Donaldson (1977) studied a model with linearly timevarying demand.
Classical deterministic inventory models assume the demand rate to be either constant or time-dependent. However, for fresh agriculture product, the demand rate may be influenced by the price and freshness. Pal et al. (2006) studied the inventory model for deteriorating items with the demand rate dependent on displayed stock level and product price. A production planning model for a deteriorating rate with stochastic demand and consumer choice was presented by Lodree and Uqochukwu (2008) . Chen and Dan (2009) studied the inventory model for fresh agriculture products when the demand depends on freshness and price.
In the study of deterministic inventory models, the inventory level depends on the demand rate and deterioration rate. Balkhi and Benkherouf (1996) presented a production lot size inventory model for deteriorating items and arbitrary production and demand rates. An inventory replenishment policy for deteriorating items with shortages and partial backlogging was studied by Wang (2002) . He et al. (2010) proposed an optimal production-inventory model for deteriorating items with multiple-market demand. Some optimal inventory replenishment models for deteriorating items taking account of time discounting were developed by Chung and Lin (2001) . Wu et al. (2006) presented an optimal replenishment policies for non-instantaneous deteriorating items with stock-dependent demand. Some inventory models for perishable items with the inventory level dependent on demand rate were presented by Duan et al. (2012) . Lee and Dye (2012) developed an inventory model for deteriorating items under stock-dependent demand and controllable deterioration rate. Alamri (2011) presented a unified general inventory model for integrated production of new items and remanufacturing of returned items for an infinite planning horizon. They considered a production environment that consisted of three shops. The first one was for remanufacturing returned items, the second was for manufacturing new items, while the third was for collecting returned items to be remanufactured in the first shop. The system was subject to joint production and remanufacturing options. Dye (2012) considered a deterministic economic order quantity (EOQ) model with generalized type demand, deterioration and unit purchase cost functions under two levels of trade credit policy. The objective was to find the optimal values of selling prices, replenishment number and replenishment scheme which maximized the total profit over the finite planning horizon. Sarkar (2012) dealt with an EOQ model for the finite replenishment rate where the demand and deterioration rate were both timedependent. In this model, the retailers were allowed a trade-credit offer by the suppliers to buy more items with different discount rates on the purchasing costs. During the credit period, the retailers could earn more by selling their products. The interest on purchasing cost was charged for the delay of payment by the retailers. Some of the items might deteriorate in the course of time. Sarkar and Sarkar (2013a) dealt with an inventory model for deteriorating items with inventory dependent demand function. They considered the time-varying deterioration rate. Based on the demand and inventory, the model was considered for three possible cases. They established the necessary and sufficient conditions for each case to show the existence and uniqueness of the optimal solution. Furthermore, a simple solution algorithm has been proposed to obtain the optimal replenishment cycle time and ordering quantity such that the total profit per unit time was maximized. Sarkar and Sarkar (2013b) expanded an inventory model for deteriorating items with stock-dependent demand. This model provided the time-varying backlogging rate as well as the time-varying deterioration rate. The aim of this model was to determine the optimal cycle length of each product such that the expected total cost (holding, shortage, ordering, deterioration, and opportunity cost) was minimized. Moreover, the necessary and sufficient conditions were provided to show the existence and uniqueness of the optimal solution. Sarkar et al. (2013) developed an EOQ model for the finite production rate and deteriorating items with time-dependent increasing demand. The component cost and the selling price were considered at a continuous rate of time. The objective of this model was to maximize the total profit over the finite planning horizon. Gumasta et al. (2012) mapped the transportation model with the inventory model with time-varying demand and two types of customers for different perishable goods to simultaneously maximize the revenue and minimize the transportation and inventory cost, and hence maximizing the net profit.
Apparently, the deterioration rate increases with increasing time. In this paper, fresh agricultural products as a special category of perishable products are studied. The attenuation law of freshness is described with an exponential function, and the deterioration rate is assumed as a time-varying function. We present the inventory models for fresh agriculture products with a timevarying deterioration rate in order to provide the basis for the ordering of supermarkets.
The rest of the paper is organized as follows. Section 2 makes some assumptions and notations of fresh agriculture products inventory. In Section 3, the inventory models for fresh agriculture product with timevarying deterioration rate are presented. The models are solved and the results are analyzed in Section 4. Finally, Section 5 draws some conclusions and suggestions.
NOTATIONS AND ASSUMPTIONS
The notations used in this paper are given as below. Before introducing the inventory models for fresh agriculture products with a time-varying deterioration rate, we make the following assumptions. 1) Consumers buy fresh agriculture products every day, shortage is not allowed, and the inventory cycle is T. 
MODEL FORMULATION
By the assumptions in the previous section, the 
Solving the differential equation with boundary condition ( ) = 0
The maximum inventory level per cycle, in other words, the optimal ordering quantity is 
Model for Constant Inventory Cycle
If T is constant, the formula (4) is equivalent to 
The proof is complete.
Model for Variable Inventory Cycle
Theorem 2. If T is variable, there exists a unique 
MODEL SOLUTION AND ANALYSIS
In this section, we will solve the models and analyze the optimal when parameters are varying.
Solving Model for Constant Inventory Cycle
When inventory cycle T is constant, it is easy to obtain the optimal ordering quantity 2 * * 2 0 = ( ) . As shown in Tables 1-5, if the inventory cycle and freshness are the same, with the decreasing of deterioration rate, the sale price is decreasing while the profit is increasing. As a result, the sale price and profit depend on the deterioration rate of product. The deterioration rate is smaller, the lost value is smaller, and the profit is higher. When the inventory cycle and deterioration rate are constant with the decreasing of deterioration rate, the sale price and profit increase at first and then start decreasing. From these results, we can conclude that the supplier must set appropriate prices depending on the deterioration rate of product in order to obtain the maximum profit.
Inventory Models for Fresh Agriculture Products with Time-Varying Deterioration Rate Vol 12, No 1, March 2013 , pp.23-29, © 2013 In order to illustrate the relationship between the freshness, the deterioration rate and the inventory cycle of products and profit better, Figures 1-3 α changes in profit with freshness when the inventory cycles are different. As shown in the figures, when the deterioration rates are the same, with the increasing of freshness, the profit is increasing generally. But profit also depends on the deterioration rate and inventory cycle. If the deterioration rate is small, the profit increases with increasing inventory cycle. When the deterioration rate is bigger, with the increasing inventory cycle, the profit decreasing, and the profit decreasing with the increasing of freshness. Therefore, the inventory cycle of products depends on the deterioration rate.
In the inventory model of fresh agriculture products, the price is also an important factor. Figures 4-6 show the relationship between the freshness, the deterioration rate and the inventory cycle of products and sale price. The figures show that the sale price is increasing while the inventory cycle is increasing when deterioration rates are the same. If the inventory cycle is smaller, with the increasing of freshness, the sale price increases at first and then starts decreasing. With the increasing of deterioration rate, the growth rate of sale price increases while the freshness and inventory cycle are increasing. In summary, in the case where the freshness and the deterioration rate are the same, if the inventory cycle increases, the sale price increases, and the profit increases at first but then starts decreasing. Thus, in order to obtain the higher profit, the supplier must select the inventory cycle and the sale price based on the freshness and deterioration rate of products.
Solving Model for Variable Inventory Cycle
According to the conclusions of the previous section, the supplier must select the inventory cycle and the sale price opportunely to obtain higher profit. The results are listed in Table 6 p θ With the decreasing deterioration rate, the inventory cycle and maximum profit are increasing. In fact, the inventory cycle depends on the deterioration rate of products. Figures 7, 8 illustrate the conclusion better. 
CONCLUSION
This paper presented inventory models for fresh agriculture products with a time-varying deterioration rate. In the actual situation of the problem, the demand rate depended on the sale price and freshness, and the deterioration rate was a time-varying function. When the inventory cycle was constant, the total profit was a univariate function of the sale price per unit. There existed a unique sale price satisfying the function which made it possible to obtain the optimal profit. The results of experiments showed that the profit depended on the freshness and deterioration rate of products. With the increasing inventory cycle, the sale price and profit increased at first and then started decreasing. Therefore, the selection of inventory cycle was important. Furthermore, when the inventory cycle was variable, the total profit was a binary function of the sale price and inventory cycle. There existed unique sale price and inventory cycle such that the profit was optimal. The results of our experiments led us to conclude that the optimal invenInventory Models for Fresh Agriculture Products with Time-Varying Deterioration Rate Vol 12, No 1, March 2013 , pp.23-29, © 2013 tory cycle and sale price were based on the freshness and deterioration rate of products.
